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Chapter 1. General Introduction 

The prevalence of obesity has dramatically increased over the past decades. 

According to the latest statistical data from the World Health Organization (WHO), 

the worldwide overweight and obese adults have reached more than 1.9 billion in 

2014 (WHO 2015). Obesity is generally accompanied by physical inactivity, and has 

become a global pandemic and recognized as a primary public health concern in many 

countries. Besides, the large obesity-related health burden negatively affects many 

relevant health outcomes (e.g. quality of life (QoL), disability, mortality) and results 

in increased healthcare utilization, thereby rising medical spending (Lehnert et al. 

2013). 

Obesity is not only a major factor contributing to internal conditions such as 

cardiovascular diseases, type 2 diabetes, hypertension, certain cancers (Owen et al. 

2015, Tanaka et al. 1995), but also has a strong relationship with lower extremity 

disorders such as osteoarthritis, ankle and foot pain (Frey and Zamora 2007, Ozdemir 

et al. 2005, Rano et al. 2001). For instance, a recent systematic review investigating 

25 papers has noted that obesity is strongly related with non-specific foot pain and 

chronic plantar heel pain in general population (Butterworth et al. 2012). These lower 
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extremity disorders can substantially lower the QoL, and make the obesity become 

more severe (Macera 2005).  

The human foot, as a complex structure in both physiology and morphology, is 

considered a miracle of design in engineering and mechanical efficiency (McCarthy 

and Sperandio 1993). The foot plays an essential role in supporting body weight, 

maintaining balance and absorbing ground reaction forces generated during activities 

or sports. Different characteristics of foot structure are commonly accompanied by 

altering plantar pressure distribution and conditions of the lower extremity bones, 

muscles, tendons and ligaments, which, in turn, affect lower limb biomechanical 

characteristics and foot function (Cavanagh et al. 1997, Fan et al. 2011, Kaufman et al. 

1999, Rathleff et al. 2014). Understanding the characteristics of foot structure and 

function may help identify the etiology of some lower extremity disorders. 

A possible explanation for the association of obesity with ankle and foot 

disorders is that excess body weight causes detrimental alterations of foot structure 

and function (Butterworth et al. 2015). Previous cross-sectional studies have reached a 

consensus statement that obesity can impact the foot structure. A study measuring 

dynamic arch index of 81 postmenopausal women exhibited that the excess body 

weight leads to collapse of the medial longitudinal arch, which adversely affects 
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functional capacity of the foot (Faria et al. 2010). In addition to the arch height, the 

foot length and width were reported to increase significantly with body weight 

increased when analyzing relationship between anthropometric foot structure and 

body weight (Morrison et al. 2007). 

On the other hand, excess body weight may lead to the ligament looseness and 

the muscle strength reduction in ankle joint. It is known that obesity is generally 

characterized by the higher absolute muscle strength and the lower strength corrected 

for fat-free mass in knee joint (Hulens et al. 2001). However, in spite of no direct 

reports to date, indirect evidence may prove that obesity is associated with lowered 

ankle muscle strength. For instance, it has been shown that obesity has a detrimental 

impact on balance and ankle instability (Greve et al. 2007, Menegoni et al. 2009), 

while ankle muscle strength is a strong predictor of the balance and ankle instability 

(Munn et al. 2003). In combination, there may be an association between obesity and 

ankle muscle strength.  

A correlation may exist between foot structure and ankle muscle strength. From 

the perspective of kinetic chain, there is a coupling between rearfoot motion and tibial 

rotation. It has been documented that the navicular height, one assessment of medial 

longitudinal arch mobility, has relation with calcaneal inversion/eversion (Mathieson 
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et al. 2004). Internal tibial rotation is coupled with eversion/pronation and knee 

flexion, while external tibial rotation is coupled with inversion/supination and knee 

extension (Markolf et al. 1976, Pohl and Buckley 2008). Further, a preliminary study 

has shown a significant correlation between eversion strength and foot arch height in 

the gymnasts, but no correlation was observed between them in the non-athletic 

healthy controls (Aydog et al. 2005). Therefore, it is necessary to verify whether a 

relation exists between foot structure and ankle muscle strength.  

Taken together, excess body weight affects kinematics and kinetics, which likely 

causes changes of foot structure and function. Therefore, for obese individuals, weight 

reduction and increasing weight bearing physical activity (PA) may be effective 

approaches to not only decrease the risk of the health-related diseases and improve the 

QoL (Douketis et al. 2005, Rosemann et al. 2008), but also have positive impact on 

foot structure and function. As far as the author knows, however, there has been no 

systematic study on the influence of weight reduction and increasing weight bearing 

PA on foot structure and function in Japanese obese adults to date.  

Therefore, the purpose of this thesis was to investigate the characteristics of foot 

structure and ankle muscle strength in obese individuals, and find out whether obesity 

is associated with foot structure and ankle muscle strength. Furthermore, it was 
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determined whether weight reduction and increasing weight bearing PA have positive 

impact on foot structure and ankle muscle strength.  
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Chapter 2. Review of Literature 

2.1. Anatomy of the Foot 

The human foot is composed of 28 bones which located from the rear to the 

forefoot: talus, calcaneus, navicular, cuboid, 3 cuneiforms, 5 metatarsals, 5 proximal, 

4 middle and 5 distal phalanges, one lateral and one medial sesamoid (Figure 2-1). 

The foot represents a structure which has to adapt to bear body weight, provides 

balance, assists in mobility, and performs other essential functions (Kitaoka et al. 

1994).  

 

Figure 2-1. Dorsal view of skeleton of the foot  
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The foot can be subdivided into 3 groups of joints: hindfoot, midfoot, and 

forefoot. The hindfoot is composed of the talus (or ankle bone) and the calcaneus (or 

heel bone). The midfoot is connected to the hind- and fore-foot by muscles and the 

plantar fascia. It includes the 3 cuneiforms, the cuboid and the navicular. The forefoot 

is composed of the 5 metatarsal bones and the 14 phalanges. The joints between the 

phalanges are called interphalangeal and those between the metatarsus and phalanges 

are called metatarsophalangeal (MTP). The major joints in foot and ankle are 

talocrural joint (ankle joint, tibiotarsal joint), subtalar joint (talocalcaneal joint), 

talonavicular joint, calcaneocuboid joint, tarsometatarsal joint, metatarsophalangeal 

joints, interphalangeal joints and metatarsosesamoid joint. 

In addition, there are 2 muscular systems: extrinsic and intrinsic. The extrinsic 

muscles arise from the leg skeleton but their tendons act on the foot. The intrinsic 

muscles are situated entirely within the foot (Kelly et al. 2014, Kura et al. 1997). 

2.2. Medial Longitudinal Arch 

The medial longitudinal arch is formed by the calcaneus, the talus, the navicular, 

the 3 cuneiforms, and the first, second and third metatarsals (Figure 2-2) (Gray 1918). 

The arch is strengthened by ligaments and tendons, in particular the plantar 

calcaneonavicular ligament (the spring ligament) and the tibialis posterior tendon 
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(Kaye and Jahss 1991).  

 

Figure 2-2. Medial view of skeleton of the medial longitudinal arch 

The calcaneonavicular ligament is a static support of the head of the talus and a 

major anatomical contributor to the integrity of the medial longitudinal arch, 

particularly if the dynamic support of the posterior tibial tendon is compromised (Patil 

et al. 2007). It is elastic and is thus able to restore the arch to original condition when 

the disturbing force is removed. Therefore, if the elasticity weakens, it will lower the 

overall height of the arch. On the other hand, the tibialis posterior tendon is the largest 

and anteriormost tendon in the medial ankle. It produces plantar flexion and 

supination of the ankle and stabilizes the plantar vault (Lhoste-Trouilloud 2012). 

Besides, it is noted that plantar fascia also plays an important role in maintaining arch 

structure by accounting for approximately 25% of arch stiffness (Kaufman et al. 

1999). 
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The structure of the arch has been reported to be related with the function of the 

foot (Kaufman et al. 1999, Razeghi and Batt 2002). For instance, one study found that 

deviations in the normal structure of the medial longitudinal arch cause unstable and 

unbalanced conditions of the foot such as pes cavus or pes planus (Franco 1987). 

Moreover, another study proved that the arch height could predict dynamic behavior 

of the foot during gait (Teyhen et al. 2009).  

2.3. Function of the Foot 

Human foot is a magnificent architectural and functional design. Since human is 

able to walk upright, the foot has evolved and developed two main functions to propel 

body forward efficiently (Bevans 1992). Firstly, the foot has to have sufficient 

flexibility to adapt to different terrain. Secondly, the foot also has to be a rigid lever 

which provides strength and power in locomotion. In walking or running, the foot 

must alternately present as a softer more flexible structure and a strong rigid one. 

Specifically speaking, the foot needs to be capacity of absorbing the shock of hitting 

the ground, and then to be firm sufficiently not to collapse when supporting and 

carrying the body’s weight. 
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Figure 2-3. The gait cycle 

The gait cycle includes two phases: stance phase (weight bearing) and swing 

phase (non-weight bearing). When walking or running, one gait cycle begins with the 

heel striking the ground, and ends with the same foot’s next heel striking (Figure 2-3). 

In the gait cycle, the heel strike and push-off are rigid lever, and the foot flat and 

mid-stance are mobile adapter (Donatelli 1985, Rodgers 1988). In the process of the 

heel strike and push-off, the muscles and soft tissues are contracted, and the bones and 

joints of the foot and lower extremity are pulled strongly, which enables the foot to 

obtain enough force to maintain stability and rigidity. In the process of the foot flat 

and mid-stance, the muscles and soft tissues are expanded, and the arches are lowered, 

which enables the force derived from the weight-bearing to be absorbed.  

2.4. Foot Structure and Lower Extremity Kinematics and Disorders 

According to a report, approximately 60% of the population have normal arches, 
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20% have cavus feet, and 20% have planus feet (Subotnick 1985). Abnormal foot 

structure is generally considered as a predisposing factor to lower extremity disorders 

(Franco 1987). For instance, a study noted that a greater percentage of being injuries 

and pains in individuals with pes planus than those with normal height of arch 

(Subotnick 1981). On the other hand, another study indicated that arch height is 

related with sport-related injuries in US army recruits (Cowan et al. 1993). Moreover, 

in Israeli female army recruits, it is found that those with lower arches are susceptible 

to acute and recurrent lateral ankle sprains than those with normal arch height 

(Mei-Dan et al. 2005). To explain the disorders in lower extremity, several researches 

have supported the hypothesis that an association exists between arch height and 

kinematics of lower extremity, especially the rearfoot motion (Hamill et al. 1989, 

Kernozek and Ricard 1990).  

There is an association of foot structure with lower extremity kinematics. Foot 

structure may contribute to pain or injury through the altered motion of lower 

extremity. For instance, it has been indicated that individuals with pes panus (flat foot) 

generally have higher foot mobility than those with pes cavus (higher arch) (Barnes et 

al. 2008, Kaufman et al. 1999), which leads to a greater risk of tissue stress injuries by 

reason of abnormal joint rotation or joint coupling (Nawoczenski et al. 1998, Nigg et 

al. 1993). On the contrary, individuals with pes cavus are more likely to have less foot 
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mobility, which also leads to a greater risk of injuries associated with increased peak 

plantar pressures or decreased shock attenuation (Burns et al. 2005, Williams et al. 

2001).  

Specifically speaking, when walking or running, enhancing pes cavus is generally 

related with increased peak eversion and range of motion of rearfoot during the stance 

phase of gait, particularly when rearfoot rise during the propulsive phase of gait 

(Buldt et al. 2013). When come to the motion of foot, the relationship is mostly found 

in the frontal plane (Cobb et al. 2009, Powell et al. 2011). Furthermore, the forefoot 

and midfoot show prolonged and increased transverse plane motion in the pes planus 

than the normal foot (Hunt and Smith 2004). It is suggested that there is an 

association between pes planus and increased frontal plane motion of rearfoot. 

However, the relationship does not mean causation between them. Other factors 

which are responsible for both foot structure and lower extremity kinematics may 

exist.  

Foot structure also has a relationship with balance and function ability, especially 

for older adults. Menz et al (2005) reported that foot and ankle structural 

characteristics, together with strength of foot could significantly predict balance and 

functional ability of older individuals. Similarly, Spink et al (2011) also observed that 

foot and ankle structural characteristics, particularly plantar flexion strength of the 
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hallux and range of motion of ankle inversion-eversion, are significant predictors of 

balance and functional ability in older people. 

 

2.5. Influence Factors of Foot Structure 

2.5.1. Gender 

Foot structure is differences in genders. It has been documented that men 

generally have a longer, higher and broader foot than women. Paiva de Castro et al 

(2011) investigated older Brazilians using calipers and footprints, and reported that 

the instep height and forefoot and rearfoot width were significantly lower in women 

than in men. Furthermore, using a 3D foot scanner that measured 291 older adults, 

more recent investigators reported that older men had significantly greater values for 

all dimensions than women with the exception of the first toe angle, which was 

smaller in men (Saghazadeh et al. 2015).  

Moreover, previous studies also have noted gender differences in the properties 

and alignment of the lower extremity musculoskeletal system (Horton and Hall 1989, 

Wunderlich and Cavanagh 2001). Rozzi et al (1999) indicated that women are more 

likely to have more ligamentous laxity. Further, several previous studies noted that 

women also have a greater tendency toward knee valgus compared with men when 
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active loading (Ferber et al. 2003, Malinzak et al. 2001). Because of the coupling of 

motions of knee and foot, this may result in a tendency for increased foot pronation, 

which is often related to a low-arched foot (Hintermann et al. 1994, Stacoff et al. 

2000). However, a report noted that there was no significant difference in the dorsal 

arch height between young men and women military recruits (Wunderlich and 

Cavanagh 2001). But, the report did not show the age group of subjects. It may be 

possible that foot structure of young men and women military recruits is homogenous. 

2.5.2. Age 

Age also may be an influence factor of foot structure. Researchers have noted 

that when individuals are in their fifth and sixth decades of life, a greater number of 

them had flat feet (Funk et al. 1986, Mann and Inman 1964). For instance, one 

previous study stated that older adults (80.2 ± 5.7 years) exhibited a trend toward 

flatter feet than younger adults (20.9 ± 2.6 years) using the arch index (the arch index 

was calculated by dividing the narrowest part of the midfoot by the widest part of the 

forefoot) (Scott et al. 2007). Moreover, Tomassoni et al (2014) divided age into the 

young (20-25 years), adult (35-55 years) and old (65-70 years) males and indicated 

that foot circumferences were most influenced by age-related differences.  

It is known that ageing is generally accompanied by loss of bone and muscle 

mass, and reduction of strength (e.g. sarcopenia and osteoporosis) (Burr 1997), which 
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lead to the different characteristics of foot structure. Prince et al (1997) have been 

confirmed that the soft tissue in foot and ankle tends to stiffen and osteophytes form 

with ageing. These changes can also result in limitations in joint motion of lower 

extremity.  

2.5.3. Obesity 

A large number of previous studies have been noted that there is an association 

between obesity and foot structure. A study of 100 obese and 84 non-obese 

participants found that those with obesity demonstrated greater forefoot width and 

lower arch height than non-obese counterparties, and BMI is correlated with measures 

of foot structure in the obese participants (Güven et al. 2009). Similarly, Aurichio et al 

(2011) investigated 399 participants and indicated that obese women generally 

presented with flatter feet and obese men always presented more pronated feet. In an 

another study of investigating the influence of BMI on arch structure, Wearing et al 

(2012) utilizing multiple regression analysis finding that BMI is a significant predictor 

of footprint-based measures of arch height. Moreover, Wearing et al (2004) measured 

body composition of 24 participants, finding that fat-free mass was significantly 

associated with the contact area of the forefoot and rearfoot, while fat mass was 

remarkably related to the midfoot contact area.  

As to the relationship between obesity and dynamic arch structure, Faria et al 
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(2010) investigated 81 postmenopausal women and indicated there was a significant 

association between obesity and pronated dynamic arch structure. A similar study 

analyzed foot structure of 239 women and noted that those with obesity had 

remarkably foot abduction and rearfoot eversion than non-obese individuals (Messier 

et al. 1994). In addition, obese participants were found to have significantly worse 

balance during gait, and foot abduction also was observed in obese individuals (Sarkar 

et al. 2011).  

The greater mechanical loading of the lower extremity (when walking and 

jogging) may be one possible explanation for the relationship between obesity and 

abnormal foot structure. Moreover, decreased postural stability and increased leg 

swing velocity have been found in obese individuals (Błaszczyk et al. 2010, Rein et al. 

2010) , which may also result in alterations of foot structure and function.  

2.5.4. Muscle Strength 

The foot and ankle muscles are a powerful guarantee that generates force for 

postural control and keeping balance during locomotion. Because many physical 

activities or exercises are performed in a standing position, the foot arch plays an 

important role in reducing the impact forces on the load during walking and running 

movements. It has been indicated by foot and ankle specialists that a main factor 

which affects development and progression of flat foot deformities is the weakness of 
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the foot and ankle muscles, including the triceps surae, tibialis anterior, extensor 

digitorum longus and extensor hallucis longus muscles (Brodersen et al. 1993, Kulig 

et al. 2005, Takao et al. 2007, Villarroya et al. 2009).  

Increasing weight bearing PA or muscle strength training may have an impact on 

the foot structure and function. Hashimoto and Sakuraba (2014) suggested that arch 

maintenance function was improved along with enhanced intrinsic foot flexor strength 

after strength training. Fukuda and Kobayashi (2008) showed that forefoot arch 

maintenance is associated with the intrinsic foot muscles. Furthermore, in the 

interventional study, Umeki (1991) reported that during 1-legged standing, the foot 

arches were shortened by intrinsic and extrinsic foot muscle contraction, which may 

protect the plantar support ligaments and joint tissue. Mulligan and Cook (2013) used 

Short Foot Exercise to enhance arch height for 8 weeks, finding that this method is 

effective to increase arch height and improve functional balance. 

2.5.5. Bilateral Symmetry 

Due to the existence of lateral dominance, bilateral asymmetry becomes a 

common phenomenon in anatomical structures (Keles et al. 1997, Plato et al. 1980). 

Dominance is defined as the demonstration of a preference to perform or complete a 

task with the left or right side. Purves et al (1994) reported that right-dominant 

participants had remarkably larger right hands, which may be evolved from the 
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different functional demands related to dominance. These differences also exist in the 

foot and may impact its structure. A research from Zifchock et al (2006) provides 

evidence for the relationship between foot dominance and arch structure, indicating 

that the arch height of the dominant foot was significantly greater than that of the 

non-dominant foot.  

2.5.6. Others 

Besides influence factors mentioned above, other influence factors such as 

genetic factors and wearing shoes habit are also considered to affect foot structure and 

function (Chuckpaiwong et al. 2008, Suzuki and Ando 2014). For instance, Miller et 

al (2014) and Snow et al (1992) noted that wearing minimal or high heeled shoes is 

more likely to develop lower arch and greater hallux valgus, and induces higher 

demands on intrinsic muscles which support the arch when performing weight bearing 

exercise. 

2.6. Summary 

Collectively, the human foot is a complex structure in both anatomy and 

physiology. The foot plays an important role in supporting body weight, maintaining 

balance and absorbing ground reaction forces generated during gait. The changes of 

foot structure are generally accompanied by altering conditions of bones, muscles, 
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tendons and ligaments around foot and ankle, which in turn affect lower limb 

biomechanical characteristics and foot function, even leading to pain and injuries. 

Influence factors of foot structure can be classified by two types. The first type is 

uncontrollable factors such as gene, gender and age, while the anther type is 

controllable factors that include obesity and physical activities. However, changing 

controllable factors of foot structure such as obesity or physical activities may have a 

beneficial impact on foot structure and function, and then enhance and improve foot 

and ankle health.  
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Chapter 3. Purposes and Main Studies of Thesis 

The purposes of this thesis were to investigate the association of obesity with 

foot structure and ankle muscle strength, and to determine whether weight reduction 

or increasing weight bearing PA has a positive impact on foot structure and ankle 

muscle strength. In order to fulfill the above purposes, this thesis was divided into 

several parts as follows: 

 

Study 1. Association of obesity with foot structure and ankle muscle strength 

1.1. Characteristics of foot structure and their relations to gender, age, obesity 

and bilateral asymmetry 

The purpose of this study was to investigate the characteristics of foot structure, 

and find out what impacts do factors such as gender, age, obesity and bilateral 

asymmetry have on foot structure in healthy adults. 

1.2. Association of obesity with ankle muscle strength 

The objective of this study was to determine whether obesity has an impact on 

ankle muscle strength. Both BMI and body fat percentage were employed to assess 

obesity, and verify their association with ankle muscle strength in male obese and 

non-obese adults. 
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Study 2. Weight reduction or increasing PA on foot structure and function 

2.1. Influence of weight reduction on foot structure and ankle muscle strength 

The aim of this study was to explore whether the weight reduction induced by 

12-week dietary improvement has an influence on both foot structure and ankle 

muscle strength in obese adults.   

2.2. Influence of increasing weight bearing PA on foot structure and ankle muscle 

strength 

The purpose of this study was to examine whether the 12-week increasing weight 

bearing PA intervention has an impact on both foot structure and ankle muscle 

strength in obese adults. 
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Chapter 4. Materials and Methods 

4.1. Participants 

All participants in this study were recruited through advertising in local 

newspapers in Tsukuba City, Ibaraki Prefecture, and Ise City, Mie Prefecture, Japan in 

2014 and 2015. A total of 180 participants, 101 men and 79 women, with an age range 

of 30 to 82 years, volunteered for this study. All of them had no habit of regular 

exercise (less than 150 minutes per week), and had no current or previous foot pain, 

foot surgery and other neuromuscular or musculoskeletal disorders that affect foot and 

ankle health. Prior to the start of the tests, the participants were asked to read and sign 

a written informed consent form. This study was approved by the Human Ethics 

Board of the University of Tsukuba which complied with the Helsinki Declaration. 

4.2. Anthropometric Variables 

Body height was measured to the nearest 0.1 cm using a wall-mounted 

stadiometer (YG-200; Yagami, Nagoya, Japan). Body mass was assessed to the 

nearest 0.1 kg using a digital scale (TBF-551; Tanita, Tokyo, Japan) as the participants 

wore light clothing and no shoes. BMI was computed as the body mass (kg) divided 

by body height squared (m2). Obesity (BMI > 25 kg/m2) was determined according to 
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cut-off values developed by the Japan Society for the Study of Obesity. Then, body 

composition was measured using a hand-to-hand bioelectrical impedance (HBI-354, 

Omron Healthcare Inc., Kyoto, Japan) by trained technicians. Body fat percentage 

was calculated as fat mass (kg) divided by body weight (kg). 

4.3. Foot Structure Measurements 

A 3 dimensions (3D) leaser foot scanner (FSN-2100, Dream GP Inc., Osaka, 

Japan) was employed to measure foot structure information (Figure 4-1). The 

3-dimension surface scanning system has been recommended for collecting foot 

anthropometric data because it has relatively higher precision and accuracy comparing 

to conventional measurement methods (ICCs: from 0.94 to 0.99) (Lee et al. 2014). In 

this research, both the left and right foot anthropometric data were measured for each 

participant in both the sitting and bipedal standing positions with bare feet.  

The procedures for measuring foot anthropometric data were as follows. First, 

the participants were asked to sit on a chair with bare feet, and were instructed to 

place the right foot on a specified location inside the foot scanner. To prevent ankle 

plantarflexion or dorsiflexion, the participants were taught to keep the lower shank 

perpendicular to both the thigh and floor, with their hands at their sides. Next, an 

opaque material attached to the frame of the scanner was secured to the participants’ 



24 

lower shank in order to prevent light from escaping from the scanner. When the tests 

were started, a laser rotated on the rail around the foot computed approximately 

30,000 points, including the instep, heel, sole and toe, allowing the software to rebuild 

the exact shape of the foot on the computer. Each measurement was completed about 

in 13 seconds. Once a sitting position measurement was completed, the participants 

were required to stand up without changing the position of the right foot as much as 

possible, which remained inside the foot scanner. They were kept upright, looking 

straight ahead, with their hands placed down at their sides and their body weight 

spread equally on both feet when the test was started. The same procedure was 

performed to obtain data from the left foot. After finishing each test, 70% alcohol was 

used to sanitize the glass pedal of the foot scanner prior to measuring the next 

participant. 

 

Figure 4-1. The 3D foot scanner for measuring foot structure. 
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Foot structure indicators were obtained automatically using the 3D foot scanner 

analysis software (Figure 4-2). The descriptions of the major indicators of the foot 

structure are shown as follows.  

1) Foot length: the most posterior point of the calcaneus to the anterior point of the 

most protruding toe. 

2) Forefoot width: the distance between the ball of the first and fifth 

metatarsophalangeal joint. 

3) Forefoot girth: the circumference over the first and fifth metatarsophalangeal joint. 

4) Rearfoot width: the widest section of the heel (calcaneus). 

5) Ball of foot length: the most posterior point of the calcaneus to the ball of first 

metatarsophalangeal joint. 

6) Lateral ball of foot length: the most posterior point of the calcaneus to the ball of 

fifth metatarsophalangeal joint. 

7) Instep height: the highest point at the longitudinal section of 55 % foot length. 

8) Instep girth: the circumference of the longitudinal section of 55 % foot length. 

9) First toe angle: the angle between the big toe and the ball of the first 

metatarsophalangeal joint. 

10) Little toe angle: the angle between the little toe and the ball of the fifth 

metatarsophalangeal joint. 
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11) Arch height index (AHI): instep height/ball of foot length. 

12) Arch stiffness index (ASI): AHI (standing) / AHI (sitting).  

 

Figure 4-2. The descriptions of the major indicators of foot structure. 

Among the many indicators of foot structure mentioned above, both AHI and 

ASI are comprehensive indicators for assessing the arch and foot. The AHI was 

defined as the instep height divided by the ball of the foot length, which was 

introduced by Williams and McClay (2000) to evaluate the arch height. The ASI was 

developed by Richards et al (2003) to assess arch flexibility and was defined as the 

ratio of the standing AHI divided by the sitting AHI. A value for AHI close to 0 

represents a lower arch, and a value for ASI close to 1 represents a stiffer arch. 
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4.4. Ankle Muscle Strength Measurements 

A Biodex System 4 Dynamometer with Biodex Advantage Software Package 

(Biodex Medical System Inc., Shirley, NY, USA) was employed to measure peak 

torque and peak torque per body weight in right ankle (Figure 4-3). Plantarflexion and 

dorsiflexion, eversion and inversion were measured at a speed of 30 degrees/second 

angular velocity. Selecting such slow velocity was not only because it is frequently 

used in previous studies, but also because high velocity has potential risk of injuries 

and very hard to perform when testing ankle muscle strength (Willems et al. 2002). 

 

Figure 4-3. The Biodex Dynamometer for testing ankle muscle strength 

Before the test, 2 to 3 minutes’ warm-up exercise mainly aiming at the ankle 

joint was performed with an experienced staff for each participant. At the same time, 

isokinetic dynamometer was set and positioned in accordance with the manufacturer’s 
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recommendations. Then participant seated on the Biodex chair with two straps 

stabilized the trunk and the hip. For each participant, dynamometer, knee pad and 

positioning chair were adjusted to align the midline of the foot with the midline of the 

patella, and ensure that the lower shank was parallel to the floor. The dynamometer 

orientation, tile, and seat orientation were kept at 90, 0, 90 degrees during 

plantarflexion to dorsiflexion test, and at 0, 70, 90 degrees during eversion to 

inversion test. A range of motion was used to determine start and stop angles for each 

participant based on each participant’s active range of motion. After an explanation of 

the testing procedure to participants, 1 submaximal repetition was given in order to 

become familiar with the testing procedure, then a test consisted of 3 maximal 

repetitions at a speed of 30 degrees/second for plantarflexion to dorsiflexion and 

eversion to inversion was performed respectively. During the testing procedure, verbal 

encouragement was consistently given to each participant.  

The highest muscular force output at any moment during a repetition was defined 

as peak torque (Nm), and peak torque per body weight (Nm/kg*100%). In order to 

reduce the test error, all measurements were completed by the same tester. 

4.5. Weight Reduction Intervention 

Weight reduction intervention was mainly composed by dietary modification 
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sessions (1 time per week, 90 minutes per session), through which participants were 

instructed to how to restrict their energy intake scientifically and effectively to 

approximately 1680 kcal/day for men and 1200 kcal/day for women (Tanaka et al. 

2004) using Four-Food-Group Point Method (Figure 4-4). In the Four-Food-Group 

Point Method, diet is divided into 4 food groups based on nutrient content as follows: 

group 1 (dairy products and eggs), group 2 (beans, fish and meat), group 3 (fruits and 

vegetables) and group 4 (sugar, oils and grains). The purpose of dietary modification 

sessions was to help participants obtain a nutritionally well-balanced diet daily based 

on the Smart Diet which was used for more than 20 years by our laboratory. During 

the 12-week weight reduction program, each participant was required to record a 

detailed daily diary in which every food they ate must be weighed and then 

transformed into energy. The daily diary could be checked seriously and added some 

private advice and encouraging words by experienced staffs. According to the past 

experiences for many years, the Smart Diet has been proven to be safe and very 

effective in reducing weight while forming healthy dietary habits. More detailed 

information about the Smart Diet has been published previously by our laboratory 

(Matsuo et al. 2010). 
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Figure 4-4. The Smart Diet 

4.6. Increasing Physical Activity Intervention 

During the PA intervention, participants came to the Fitness Room at University 

of Tsukuba three times a week for a 90-min increasing weight bearing PA session for 

12 weeks. The purpose of the session was to help participants increase their PA. Each 

PA session was mainly composed by a 15-min warm-up and stretching, a 60-min brisk 

walking and jogging, and followed by a 15-min cool-down and stretching (Figure 4-5). 

At the first 4 weeks, the exercise intensity was set at 50-60% of maximal heart rate 

(220 ‒ Age), and gradually increased afterwards. The participants finally were 

exercising at 60-70% of maximal heart rate at the last 4 weeks. On rainy days, indoor 

exercise was carried out using stationary cycling or stair-stepping. Several 

experienced exercise instructors and principal investigators were responsible for the 
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increasing PA intervention program. In addition to the exercise in the PA session, 

participants were also encouraged to conduct their preferred type of PA at home or 

workplace as much as possible. 

 

Figure 4-5. The increasing PA intervention 
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Chapter 5 (Study 1.1). Characteristics of Foot Structure and Their 

Relations to Gender, Age, Obesity and Bilateral Asymmetry 

5.1. Introduction 

The human foot, as a complex structure in both physiology and morphology, is 

considered a miracle of design in engineering and mechanical efficiency (McCarthy 

and Sperandio 1993). The foot plays an essential role in supporting body weight, 

maintaining balance and absorbing ground reaction forces generated during activities 

or sports. Different characteristics of foot structure are commonly accompanied by 

altering plantar pressure distribution and conditions of the lower extremity bones, 

muscles, tendons and ligaments, which, in turn, affect lower limb biomechanical 

characteristics and foot function (Cavanagh et al. 1997, Fan et al. 2011, Kaufman et al. 

1999, Rathleff et al. 2014). Therefore, clarifying which factors impact foot structure is 

helpful in understanding the basis of foot deformity and foot dysfunction and in 

designing more comfortable footwear. 

Certain factors such as gender, age, BMI and bilateral asymmetry may influence 

foot structure to some extent. Restricted from the technique, almost all previous 

studies have focused on arch height and hallux valgus using calipers, footprint 

parameters and radiographic evaluation (Aurichio et al. 2011, Nix et al. 2010, 
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Wunderlich and Cavanagh 2001, Zifchock et al. 2006). 

The emergence and improvement of 3D imaging technology make the accurate 

measurement of foot structure (length, width, height and girth) become possible 

(Telfer and Woodburn 2010). However, to the best of our knowledge, only one study 

has directly demonstrated how gender influences foot structure in older Japanese 

adults using a 3D foot scanner (Saghazadeh et al. 2015). The authors reported that 

gender differences were primarily in the instep height, instep girth, forefoot girth and 

navicular height by measuring the foot information of 151 men (74.5 ± 5.6 years) and 

140 women (73.95 ± 5.1 years). According to their findings, the authors appealed to 

shoe manufacturers to consider gender differences when designing shoes for older 

adults.  

Although arch type and hallux valgus have been reported to be associated with 

gender, age, body composition and bilateral asymmetry, to date, detailed systematic 

studies are rare regarding foot structure characteristics in different Japanese adult 

groups. Therefore, the purpose of this study was to investigate the influence of gender, 

age, BMI and bilateral asymmetry on a range of foot structure characteristics in a 

large community sample of Japanese adults. 
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5.2. Materials and Methods 

Participants  

A total of 180 participants, 101 men and 79 women, with an age range of 30 to 

82 years, participated in this cross-sectional study. All of them had no exercise habits 

and volunteered for this study. Participants were recruited through advertising in local 

newspapers in Tsukuba City and Ise City, Japan in 2015. Prior to the start of the tests, 

the participants were asked to read and sign a written informed consent form. This 

study was approved by the Human Ethics board of the University of Tsukuba. 

Anthropometry 

All the anthropometric items have been described in Chapter 4.  

Foot Anthropometric Measurement 

The foot anthropometric measurement has been described in Chapter 4. 

Statistical Analysis 

Except for bilateral asymmetric analysis, only right foot structure information 

was analyzed to satisfy the independence of assumption of the statistical analysis 

(Menz 2004). Because the foot structure indicators were observed to be normally 

distributed using the Shapiro-Wilks test, independent samples t-test was used to 

determine the gender differences. If gender differences were observed, ANCOVA was 
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used to remove compounding variables such as age and BMI. Both the age and BMI 

were divided into three groups according to the domestic standards, and one-way 

ANOVA with the Bonferroni post hoc test was employed to examine the age and BMI 

differences in foot structure. Then, ANCOVA was executed to adjust for gender, age 

or BMI if differences were found. We applied paired samples t-test to detect bilateral 

asymmetry in the left and right foot structure. Finally, multiple linear regression 

models were employed using a range of foot structure indicators as dependent 

variables, and taking gender, age and BMI as independent variables.  

In all data analyses, a P-value less than 0.05 was considered to be statistically 

significant. The data were analyzed using IBM Statistical Package for Social Sciences 

(SPSS) version 22.0. 

5.3. Results  

The anthropometric characteristics of all 180 participants are shown in Table 5-1. 

Figure 5-1 exhibits the gender differences in foot structure. Except for the little toe 

angle and ASI, there were very significant gender differences in foot structure 

indicators. Compared with females, males had longer feet (foot length, ball of foot 

length, and lateral ball of length; all P < 0.001), larger feet (forefoot girth and width, 

rearfoot width, and instep girth; all P < 0.001), higher arches and feet (AHI and instep 
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height; both P < 0.001), and smaller first toe angles (P = 0.002). Although 

compounding factors such as age and BMI were adjusted using ANCOVA, we only 

found that the first toe angle difference (P = 0.087) disappeared between genders.  

The age differences in foot structure are shown in Figure 5-2. Most of the foot 

structure indicators, apart from the little toe angle and AHI, had significant differences 

among prime-aged, middle-aged and older adults. The feet in older adults became 

shorter (foot length, ball of foot length, and lateral ball of length; all P < 0.001), 

narrower (forefoot girth and width, rearfoot width, and instep girth; all P < 0.001), and 

lower (instep height; P < 0.001). Furthermore, older individuals were more likely to 

have a larger first toe angle (P = 0.001) and stiffer arch (ASI; P = 0.011). However, 

when gender and BMI were considered, there were no age differences in the forefoot 

girth, forefoot width, rearfoot width, instep height and girth, and first toe angle.  

Except for the first toe angle, little toe angle and ASI, significant differences 

were found among the three BMI groups in Figure 5-3. Compared with the non-obese 

adults, the feet in overweight and obese individuals were longer (foot length, ball of 

foot length, and lateral ball of length; all P < 0.001), larger (forefoot girth and width, 

rearfoot width, and instep girth; all P < 0.001), and higher (instep height; P < 0.001). 

Moreover, adults with higher BMI had a higher arch than those with lower BMI (AHI; 

P = 0.008). When confounding factors such as gender and age were considered, we 
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still found BMI differences in width, circumference and height parameters such as 

forefoot girth and width, rearfoot width, instep girth and height and AHI.  

Regarding the bilateral asymmetry, the instep height and AHI were different 

(Figure 5-4). We observed that the right arch and foot were higher (instep height, P = 

0.001; AHI, P = 0.001) than the left arch and foot. In addition, there was no other 

difference between the left and right foot. 

Multiple linear regression models exhibiting gender, age and BMI can account 

for 37% to 71% of the variation in the forefoot width, rearfoot width, instep height, 

foot length, forefoot girth, ball of foot length, lateral ball of foot length and instep 

girth (Table 5-2). Age could significantly predict the foot length, forefoot girth, ball of 

foot length, lateral ball of length and instep girth (β = -0.23 to -0.10, all P < 0.05). 

Both gender and BMI were significant predictors of the foot length, forefoot girth and 

width, rearfoot width, ball of foot length and lateral ball of foot length, instep height 

and girth (β = 0.43 to 0.59, all P < 0.001 for gender; β = 0.16 to 0.39, all P < 0.01 for 

BMI). In addition, BMI could also remarkably predict AHI (β = 0.23, P < 0.003) and 

ASI (β = -0.19, P = 0.020). 

5.4. Discussion 

The purpose of this study was to determine characteristics of foot structure and 
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whether gender, age, BMI and bilateral asymmetry impact a range of foot structure 

indicators. The results demonstrate that males generally had longer, larger and higher 

feet; the feet in older individuals were shorter and stiffer; the value of height and 

width indicators of foot in those with higher BMI was larger, and the value of height 

of arch was also larger; the right foot had a higher foot and arch than the left foot. 

Gender, age and BMI could impact length and girth indicators of foot together. 

The gender differences in foot structure reported here are consistent with those in 

previous studies, indicating that men had longer, higher and larger feet than women. 

Paiva de Castro et al (2011) investigated older Brazilians using calipers and footprints, 

reporting that the instep height and forefoot and rearfoot width were significantly 

lower in women than in men. Furthermore, using a 3D foot scanner that measured 291 

older adults, more recent investigators reported that older men had significantly 

greater values for all dimensions than women with the exception of the first toe angle, 

which was smaller in men (Saghazadeh et al. 2015). We obtained similar results in our 

study, indicating that men had longer, higher and larger feet than women, even when 

compounding factors such as age and BMI were adjusted. However, regarding the 

first toe angle, the gender difference disappeared when considering compounding 

factors. Smaller body size in women may lead to the shorter, lower and narrower foot 

than that in men. Additionally, compared to men, women generally have more internal 
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valgus knees and more pronated ankles (Kernozek et al. 2005), which may induce a 

lower arch in women. 

Concerning the relationship between age and arch structure, one previous study 

stated that older adults exhibited a trend toward flatter feet than younger adults using 

the arch index (the arch index was calculated by dividing the narrowest part of the 

midfoot by the widest part of the forefoot) (Scott et al. 2007). However, another study, 

defining the AHI similar to ours, found that no statistically significant relationship 

was observed between increased age and AHI (Zifchock et al. 2006). Our research 

supported the latter statement. It is very likely because we used the same 

determination method for assessing arch. Regarding foot structure, to the best of our 

knowledge, only one study has investigated the relationship between age and foot 

structure. Tomassoni et al (2014) divided age into the young (20-25 years), adult 

(35-55 years) and old (65-70 years) males and indicated that foot circumferences were 

most influenced by age-related differences. Although the division of age was different, 

our results showed that age differences were not only found in foot circumferences 

but also in other foot structures such as the foot length and arch stiffness. Even when 

gender and BMI were considered, the foot length, ball of foot length and arch stiffness 

were still associated with ageing. One possible explanation may be that ageing is 

generally accompanied by loss of bone and muscle mass, and reduction of strength 
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(e.g. sarcopenia and osteoporosis) (Burr 1997), which lead to the different 

characteristics of foot structure. 

Several previous studies have indicated that being overweight and obese 

negatively influence foot structure and function in both children and adults 

(Butterworth et al. 2015, Dowling et al. 2001, Riddiford-Harland et al. 2000). The 

Mauch research group (2008) showed that overweight children more commonly had 

flat and robust feet than underweight children. Moreover, the prevalence of flat feet in 

overweight or obese children was 1.39 and 2.66 times greater than that in non-obese 

children (Chang et al. 2010). Similar to the result in children, the association between 

flat feet and obesity was also found in adult Australians and Americans (Butterworth 

et al. 2015, Gill et al. 2014). However, Atamturk (2009) stated that there were no 

associations between the presence of flat feet or a high arch and body weight or BMI 

in Turkish individuals. In the present study, AHI, which assesses arch height, was 

found to be higher in those with greater BMI. The appearance of such results may be 

related to higher and larger feet. The values of higher and larger foot indicators, such 

as forefoot girth, forefoot width, rearfoot width, instep height and instep girth, were 

significantly greater in those with higher BMI.  

Bilateral asymmetry is a common phenomenon in other anatomical structures 

(Keles et al. 1997, Plato et al. 1980). The present study investigated the difference in 
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foot structure between the left and right foot across all participants. The results 

exhibited that the left foot had a larger ball of foot length, a lower instep height and 

AHI than the right foot, indicating that the right foot had a higher arch and foot than 

the left foot. The reason for this result may stem from foot dominant because the 

overwhelming majority of the population is right foot dominant. A research from 

Zifchock et al (2006) provides evidence for our assumption, and they noted that the 

arch height of the dominant foot was significantly greater than that of the 

non-dominant foot. In light of these results, it is indicated that bilateral asymmetry of 

the foot can affect the height of the arch and foot. 

Theoretically, the development of certain foot structure should be influenced to 

some extent by several related factors together. Although gender, age and BMI have 

been documented separately to affect foot and arch structure in previous studies 

(Aurichio et al. 2011, Nix et al. 2010, Wunderlich and Cavanagh 2001, Zifchock et al. 

2006), there are few papers which studied the combined effect of these three factors 

on foot structure. In our study, we found that gender, age and BMI could impact 

length and girth indicators of foot together, and could explain 37-71% of the variation. 

In them, gender was a bigger predictor of the length, width, height and girth indicators 

of foot (β = 0.43 to 0.59, all P < 0.001) than age or BMI. As to the arch, BMI was a 

significant predictor of AHI (β = 0.23, P = 0.003) and ASI (β = -0.19, P = 0.020). 
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Similar to our findings, a research also found that BMI could predict arch height in 

adults (β = 0.39, P = 0.04) (Wearing et al. 2012). Based on these findings, BMI seems 

to be one of the most important factors that affect the foot arch. 

5.5. Conclusion 

In summary, this study showed that the development of foot structure is a result 

of combined effect of several related factors such gender, age and BMI. In them, 

gender has a greater impact on length, width, height and girth indicators of foot than 

age or BMI. Compared BMI with age, BMI has a more influence on width, height and 

girth indicators of foot, while age has a more effect on length indicators of foot. BMI 

also has an impact on both AHI and ASI. Additionally, bilateral asymmetry affects 

values of height indicators of foot and arch. 
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Table 5-1. Characteristics of the study participants. 

Variables 

Prime-aged adults (25-44 years)   Middle-aged adults (45-64 years)   Older adults (more than 64 years)   Total = 180 

Mean SD   Mean SD   Mean SD   Mean SD 

Number (women) 23 (10) ― 
 

98 (41) ― 
 

59 (28) ― 
 

180 (79) ― 

Age (years) 37.39 4.25 
 

55.00 5.84 
 

70.76 3.90 
 

57.92 11.78 

Height (cm) 171.78 5.98 
 

165.60 9.00 
 

156.40 8.01 
 

163.37 9.84 

Weight (kg) 89.49 27.63 
 

71.12 14.14 
 

56.04 9.73 
 

68.52 18.56 

BMI (kg/m2) 30.25 8.95   25.79 3.94   22.80 2.83   25.38 5.12 
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Table 5-2. Multiple linear regression analysis using foot morphology parameters as dependent 

variables respectively, and age, gender and BMI as independent variables. 

Variables   B SE (B) β t P R2 

Foot length (mm) gender 16.54  1.75  0.53  9.48  < 0.001 

0.55  

 

age -0.30  0.08  -0.23  -3.97  < 0.001 

 

BMI 0.50  0.17  0.17  2.99  0.003  

Forefoot girth (mm) gender 14.59  1.70  0.49  8.59  < 0.001 

0.55  

 

age -0.15  0.07  -0.12  -2.04  0.042  

  BMI 1.01  0.16  0.35  6.24  < 0.001 

Forefoot width (mm) gender 5.61  0.87  0.43  6.48  < 0.001 

0.37  

 

age -0.06  0.04  -0.11  -1.57  0.119  

 

BMI 0.30  0.08  0.23  3.56  < 0.001 

Rearfoot width (mm) gender 4.51  0.59  0.45  7.69  < 0.001 

0.52  

 

age -0.04  0.03  -0.08  -1.40  0.164  

  BMI 0.38  0.06  0.39  6.79  < 0.001 

Ball of foot length (mm) gender 12.48  1.26  0.55  9.90  < 0.001 

0.57  

 

age -0.22  0.06  -0.23  -3.99  < 0.001 

 

BMI 0.36  0.12  0.16  2.94  0.004  

Lateral ball of foot length (mm) gender 11.10  1.11  0.55  9.99  < 0.001 

0.57  

 

age -0.19  0.05  -0.22  -3.87  < 0.001 

  BMI 0.32  0.11  0.17  3.03  0.003  

Instep height (mm) gender 6.76  0.70  0.56  9.68  < 0.001 

0.53  

 

age -0.01  0.03  -0.02  -0.37  0.714  

 

BMI 0.35  0.07  0.30  5.27  < 0.001 

Instep girth (mm) gender 20.83  1.63  0.59  12.79  < 0.001 

0.71  

 

age -0.15  0.07  -0.10  -2.16  0.032  

  BMI 1.30  0.16  0.38  8.35  < 0.001 

First toe angle (degree) gender -1.95  1.13  -0.14  -1.72  0.087  

0.09  

 

age 0.09  0.05  0.15  1.83  0.069  

 

BMI -0.12  0.11  -0.09  -1.09  0.277  

Little toe angle (degree) gender 0.59  0.87  0.06  0.68  0.498  

0.01  

 

age 0.00  0.04  0.00  0.05  0.962  

  BMI -0.10  0.08  -0.10  -1.21  0.227  

Arch height index（ratio）  gender 0.02  0.01  0.25  3.21  0.002  

0.12  

 

age 0.00  0.00  0.15  1.81  0.072  

 

BMI 0.00  0.00  0.23  2.98  0.003  

Arch stiffness index (ratio) gender 0.01  0.01  0.12  1.47  0.143  

0.05  

 

age 0.00  0.00  0.07  0.85  0.396  

  BMI 0.00  0.00  -0.19  -2.34  0.020  

 

 

 



45 

 

 
 

Figure 5-1. Gender differences in foot structure by ANCOVA (adjusted for age and BMI). 
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Figure 5-2. Age differences in foot morphology by ANCOVA (adjusted for gender and BMI). 
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Figure 5-3. BMI differences in foot morphology by ANCOVA (adjusted for age and gender). 
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Figure 5-4. Bilateral asymmetry in foot morphology by paired samples t-test. 
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Chapter 6 (Study 1.2). Association of Obesity with Ankle Muscle 

Strength 

6.1. Introduction 

Obesity, as a noted public health concern, is not only linked to chronic medical 

diseases such as cardiovascular diseases, metabolic syndrome, diabetes, and cancers, 

but also results in lower extremity musculoskeletal disorders (Kim et al. 2015). It is 

believed that excess body weight may be a risk factor for the development and 

progression of foot and ankle disorders. Studies have shown that obese individuals 

had an increased number of ankle and foot injuries such as sprain (Chaudhry and Egol 

2011, Zonfrillo et al. 2008). It has been reported that overweight or obesity was 

associated with the development and progression of flatfoot, tendinitis, plantar 

fasciitis, osteoarthritis, and foot pain (Frey and Zamora 2007, Molgaard et al. 2010, 

Shibuya et al. 2010, Wearing et al. 2006). A probable explanation for the increased 

foot and ankle disorders in obesity is that the increased body weight may alter the 

stress distribution within the joint (Astephen and Deluzio 2005, Onwuanyi 2000). 

Obesity also changes gait pattern and biomechanical characteristics in lower 

extremity. Previous studies have demonstrated that obese individuals generally 

exhibited significantly decreased cadence, walking speed, and step length while 

increased step width and stance time in order to stabilize and settle the body posture  

during the gait cycle (McGraw et al. 2000). They also featured as less hip flexion at 
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heel strike throughout a gait cycle (Spyropoulos et al. 1991), and decreased peak knee 

extensor torque as well as ankle plantar flexor moment when compared with 

non-obese individuals (DeVita and Hortobágyi 2003). Furthermore, joint motions 

such as hip adduction, knee adduction, and max stance adduction were greater, and 

ankle eversion was smaller in obese adults compared with those in non-obese 

individuals (Lai et al. 2008). The authors attributed the changes of gait pattern and 

biomechanical characteristics to adaptation to the excess body weight upon the lower 

extremity. 

Studies have repeatedly shown significant differences in foot structure between 

obese and non-obese individuals. One research investigated fatter and flatter foot 

structure characteristics via pedograph, and noted that obese children have 

significantly greater medial midfoot fat pad thickness and lowered medial longitudinal 

arch height when compared with their leaner counterparts (Riddiford-Harland et al. 

2011). A great number of other cross-sectional studies documented that overweight or 

obese adults are more likely to present with lower medial longitudinal arches than 

non-obese subjects (Duvigneaud et al. 2008, Shibuya et al. 2010). However, it was 

known that such fatter and flatter foot may give rise to varying degrees of foot 

discomfort and pain in both children and adults. 

The insufficiency of muscle strength in obese individuals may be responsible for 

the lower extremity musculoskeletal disorders, the detrimental gait pattern, and the 

foot structure. To the best of our knowledge, although obesity has been documented to 



51 

lower muscle strength of knee joint (adjusted for fat-free mass) (Hulens et al. 2001, 

Kim et al. 2015), to date there has been no evidence related to the association of 

obesity with ankle muscle strength. With this in mind, the purpose of this study was to 

compare ankle peak torque and peak torque per body weight which includes 

plantarflexion, dorsiflexion, eversion and inversion between obese and non-obese 

adults, and to determine probable association between obesity and a range of ankle 

muscle strength indicators. Understanding the association between obesity and ankle 

muscle strength is helpful in the search for preventive or palliative strategy aiming to 

improve foot and ankle health for podiatrist and patients. It was hypothesized that 

association existed between obesity and ankle muscle strength.  

6.2. Materials and Methods 

Participants  

Participants were recruited from communities through adverting in local 

newspapers and distributing study flyers in Tsukuba city and Ise city, Japan in 2015. 

All the participants volunteered for this study. They had no habit of regular exercise, 

and had no current or previous foot pain, foot surgery and other neuromuscular or 

musculoskeletal disorders that affect foot and ankle health. Prior to the study, each 

participant read and signed informed consent. This study protocol was approved by 

the Ethics Committee of University of Tsukuba which complied with the Declaration 

of Helsinki. 

Anthropometric and Body Composition 
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All the anthropometric items have been described in Chapter 4. 

Ankle Muscle Strength Measurements 

The ankle muscle strength measurements have been described in Chapter 4. 

Statistical Analysis 

Differences of characteristics of participants between obese and non-obese adults 

were analyzed using independent samples T test in both men and women. Since 

muscle strength is related to age (Larsson et al. 1979), an ANCOVA analysis was 

employed to determine a range of ankle muscle strength differences between obese 

and non-obese adults adjusted for age. Finally, we utilized partial correlations to 

examine the association between body fat percentage and ankle muscle strength 

variables adjusted for age as well. In data analysis, P values less than 0.05 were 

considered statistically significant. All data analyses were performed with IBM 

Statistical Package for Social Sciences (SPSS) version 22.0. 

6.3. Results 

Sixty-nine men and thirty-one women took part in this study. Among them, there 

were 19 and 12 non-obese, 50 and 19 obese participants in men and women 

respectively. Description of characteristics of participants is shown in Table 6-1. 

Except for weight and BMI, independent samples T test did not find significant 

differences between obese and non-obese groups in age (P = 0.305 for men and P = 

0.439 for women) and height (P = 0.098 for men and P = 0.742 for women). 

Figure 6-1 and Figure 6-2 exhibit ankle muscle strength results between obese 
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and non-obese in men and women after adjusted for age. In both men and women, 

there was no difference found between obese and non-obese adults in any peak torque. 

With regard to the peak torque per body weight, however, we observed that obese men 

had lower values for plantarflexion (P = 0.062), dorsiflexion (P = 0.006), eversion (P 

< 0.001) and inversion (P = 0.010). While in obese women, only lower eversion peak 

torque per body weight (P = 0.007) was found. Although no significant difference 

appeared, there was still a trend of lower inversion peak torque per body weight (P = 

0.056).  

The correlations between body fat percentage and a range of ankle muscle 

strength indicators for both men and women adjusted for age are presented in Figure 

6-3 and Figure 6-4. It was found that body fat percentage was not correlated with 

ankle peak torque, but negatively and significantly associated with all the ankle peak 

torque per body weight in men (r ranged from -0.28 to -0.44, P values < 0.050). With 

regard to women, there were positive associations between body fat percentage and 

dorsiflexion peak torque (r = 0.39, P = 0.031). Besides, it was found that body fat 

percentage was negatively correlated with eversion (r = -0.45, P = 0.012) and 

inversion peak torque per body weight (r = -0.38, P = 0.037). 

6.4. Discussion 

The purpose of this study was to investigate probable association between 

obesity and a range of ankle muscle strength indicators. The main finding was that 

obesity was negatively associated with eversion and inversion peak torque per body 
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weight in both men and women. The result is supported by previous studies. It has 

been documented that obesity could more or less lead to alignment of ankle joint such 

as pronation due to excess body weight (Irving et al. 2007). The malalignment of 

ankle joint affects forces that cause ligamentous laxity and reduced muscle strength at 

the joint, which may explain why ankle joint is vulnerable structure and why an 

increased number of ankle and foot disorders in obese individuals.  

In the present study, it was clear that in men, body fat percentage was 

significantly and negatively correlated with all ankle peak torque per body weight 

including plantarflexion, dorsiflexion, eversion and inversion respectively. But in 

women, we only found body fat percentage was negatively associated with eversion 

and inversion peak torque per body weight. There was a slight gender difference in 

the relationship between obesity and ankle muscle strength. Similar to our results, the 

gender difference was also observed in the relationship between body weight and 

postural performance in a previous study. Menegoni et al (2009) reported that body 

weight was associated with almost all the considered postural parameters in men, 

while body weight was only correlated with antero-posterior parameters and center of 

pressure velocity in women. One possible hypothesis related to the different fat mass 

distribution could explain this gender difference. In males, fat mass is usually 

concentrated in the thorax-abdominal region (android fat), while in females, fat mass 

is generally around the hips and the upper portion of legs (gynoid fat) (Wiklund et al. 

2008). The fat mass distribution affects the center of gravity and mass position, which 
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is higher in the android fat than in the gynoid fat. This forces obese men to alter 

biomechanical characteristics to cope with the higher center of gravity and mass. 

There are slightly differences in effect of obesity on lower extremity joints. For 

instance, in terms of the influence of obesity on knee joint, Tsiros et al (2013) verified 

the relationship between adiposity and knee joint strength when studying children, 

and observed that the peak torque was higher and the peak torque per body weight 

was lower in obesity than healthy non-obese children. A similar result also was 

reported in adults by Duvigneaud et al (2008). With regard to the influence of obesity 

on foot and ankle joint, we observed no significant difference between obesity and 

peak torque, but significantly lowered eversion peak torque per body weight was 

observed in both obese men and women in our study. It was known that anatomic and 

biomechanical differences exist between the ankle and knee joint, which may be 

responsible for the slight difference on the influence of obesity on lower extremity 

joint.  

It is reported that 25% of all sport-related injuries are occurred at foot and ankle 

(Mack 1982). The incidence of the foot and ankle injuries would enhance theoretically 

if people gain weight. Zonfrillo et al (2008) evaluated the relationship between 

overweight and ankle injuries in children, and confirmed that overweight children 

have an increased risk of ankle injuries than non-obese subjects. Furthermore, Frey 

and Zamora (2007) compared different BMI group participants with the incidence of 

foot and ankle disorders when conducting a research of 1411 subjects in an 
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orthopaedic foot and ankle practice. They demonstrated that being overweight or 

obese significantly increased the chances of having tendinitis, and increased 

likelihood of plantar fasciitis and osteoarthritis. From our point, the insufficiency of 

ankle muscle strength may be the cause of increased incidence of foot and ankle 

injuries and disorders in obese individuals, as previous studies have testified that 

increased muscle strength is associated with decreased incidence of injuries and 

osteoarthritis (Hayes and Falconer 1992, Orchard et al. 1997). In our study, lower 

eversion strength was observed in both obese men and women. In light of these 

evidences, interventions such as reduced body weight or increased ankle muscle 

strength should be taken to prevent and improve foot and ankle disorders, thereby 

promoting the quality of health. 

As mentioned in the introduction, overweight or obese individuals always 

possessed lower walking speed, step length and cadence, and they also had decreased 

peak knee extensor strength and ankle plantar flexion moment during a gait cycle 

(DeVita and Hortobágyi 2003, McGraw et al. 2000). Fukagawa et al (1995) 

investigated the effects of lower extremity strength (knee and ankle extension and 

flexion), gait and balance on the incidence of falls in nursing home residents utilizing 

Cybex 340 Isokinetic Dynamometer. Their findings proved that most of the nursing 

home individuals who had poor balance, gait and occurrence of falls possessed 

decreased knee and ankle muscle strength. Despite the fact that the gait was not 

measured in our study, both obese men and women were found to have lower eversion 
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strength. Based on this fact, we consider that the reduced muscle strength in lower 

extremity probably may result in the corresponding changes of biomechanical 

characteristics and gait pattern in overweight or obese individuals. 

Excess body weight has a negative impact on foot structure and sole arch. Chang 

et al (2010) indicated that overweight or obese children were 1.39 and 2.66 times 

more likely to have flatfoot compared non-obese children. With regard to adults, 

similar results that obese adults had lower medial longitudinal arches were observed 

(Butterworth et al. 2015, Gill et al. 2014). In our study, we also found that excess 

body weight has an adverse influence on ankle muscle strength. Muscles around foot 

and ankle maintain foot structure and support the sole arch, and the insufficiency of 

muscle strength may give rise to changes of foot structure and sole arch. According to 

Aydog et al (2005), arch height was impacted by eversion strength in gymnasts. In 

light of this, decreased body weight and strengthened muscle strength around the foot 

and ankle joint may be effective methods to maintain foot structure and prevent or 

improve flatfoot.  

6.5. Conclusion 

In summary, the results indicate that all ankle peak torque per body weight 

except plantarflexion was lower in obese men, and body fat percentage was also 

associated with all ankle peak torque per body weight. While in obese women, we 

only found eversion peak torque per body weight was lower than non-obese women. 

Besides, body fat percentage was positively associated with dorsiflexion peak torque, 
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and negatively correlated with eversion and inversion peak torque per body weight. 

These findings allow for the conclusion that there is an association existed between 

obesity and ankle muscle strength. A further intervention study is needed to verify 

whether reduction in body fat and increase in ankle muscle strength are beneficial to 

foot and ankle health for obese individuals. 
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Table 6-1. Description of characteristics of participants 

   Overweight/obese Non-obese P values 

Men 
   

  No. 50 (50%) 19 (19%) - 

  Age (yrs) 50.46 ± 9.03 52.89 ± 7.87 0.305  

  Height (cm) 170.27 ± 6.56 173.15 ± 5.84 0.098  

  Weight (kg) 82.17 ± 10.20 68.51 ± 9.07 < 0.001 

  BMI (kg/m2) 28.29 ± 2.62 22.77 ± 2.09 < 0.001 

Women 
   

  No. 19 (19%) 12 (12%) - 

  Age (yrs) 56.00 ± 10.64 53.33 ± 6.26 0.439  

  Height (cm) 157.23 ± 5.20 157.93 ± 6.43 0.742  

  Weight (kg) 75.05 ± 21.65 54.57 ± 7.25 0.004  

  BMI (kg/m2) 30.24 ± 7.94 21.83 ± 2.16 0.001  
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Figure 6-1. Ankle muscle strength differences between obese and non-obese men adjusted for age. 
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Figure 6-2. Ankle muscle strength differences between obese and non-obese women adjusted for 

age. 
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50 

Figure 6-3. Correlation between body fat percentage and peak torque per body weight in men 

adjusted for age. 
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Figure 6-4. Correlation between body fat percentage and peak torque per body weight in women 

adjusted for age. 
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Chapter 7 (Study 2.1). Influence of Weight Reduction on Foot 

Structure and Ankle Muscle Strength 

7.1. Introduction 

It is known from the latest statistical data published by the World Health 

Organization that the prevalence of worldwide obesity has more than doubled since 

1980, and over 1.9 billion adults were overweight and obese in 2014 (WHO 2015). 

Obesity is one of major public health concern, and considered to be an epidemic in 

both developed and developing countries. It has been documented that obesity is not 

only a major risk factor for internal conditions such as cardiovascular diseases and 

diabetes (Owen et al. 2015, Shields et al. 2012), but also has a profound impact on 

lower extremity disorders such as ankle and foot pain (Gay et al. 2014, Irving et al. 

2007, Tanamas et al. 2012). For instance, a recent systematic review identifying 25 

papers has noted that obesity is strongly related with non-specific foot pain and 

chronic plantar heel pain in general population (Butterworth et al. 2012). These lower 

extremity disorders can substantially affect quality of life, and make the obesity more 

severe. 

A possible explanation for the association of obesity with ankle and foot 

disorders is that excess body weight causes detrimental alterations of foot structure 

and function (Butterworth et al. 2015). Previous cross-sectional studies have reached a 

consensus statement that obesity can affect the foot structure. A study measuring 
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dynamic arch index of 81 postmenopausal women exhibited that the excess body 

weight leads to collapse of the medial longitudinal arch, which adversely affects 

functional capacity of the foot (Faria et al. 2010). In addition to the arch height, the 

foot length and width were reported increased significantly with body weight 

increased when analyzing relationship between anthropometric foot structure and 

body weight (Morrison et al. 2007). On the other hand, it is known that obesity is 

characterized by reduced muscle strength. In spite of no direct reports to date, indirect 

evidences may prove that obesity is associated with lowered ankle muscle strength. It 

has been shown that obesity has a detrimental impact on balance and ankle instability 

(Greve et al. 2007, Menegoni et al. 2009), while ankle muscle strength is a strong 

predictor of the balance and ankle instability (Munn et al. 2003). 

Weight reduction is an effective countermeasure to decrease obesity-related 

health risks and improve quality of life in overweight and obese individuals 

(Blagojevic et al. 2010, Douketis et al. 2005). However, very few systematic 

researches have determined how weight reduction affects foot structure and ankle 

muscle strength. Although a 3-month weight reduction program has been designed to 

investigate its influence on arch height and plantar peak pressure in obese adults 

(Song et al. 2015), the previous study did not examine the changes of other foot 

structure indicators and ankle muscle strength in the program. Furthermore, if weight 

reduction influence exists in the impact on foot structure and ankle muscle strength, it 

is necessary to know whether its change rates depend on weight reduction rate. 
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Therefore, the purpose of this study was to examine the influence of weight 

reduction induced by a dietary modification on foot structure and ankle muscle 

strength, and to verify whether its change rates depend on weight reduction rate in 

obese adults. Conducting such a study is beneficial to better understand the 

association of weight gain and loss with foot structure and function, and to make clear 

whether weight reduction is an effective method to improve foot structure and 

increase ankle muscle strength for obese individuals. 

7.2. Materials and Methods 

Participants 

We recruited participants through advertisements in a local newspaper and 

distributed flyers from communities near our university. Participants were selected if 

they met the following eligibility criteria: 1) aged 30 to 65 years old and had a body 

mass index (BMI) greater than 25 kg/m2 based on the domestic obesity guideline, 2) 

had a stable weight for at least three months and no habit of regular exercise, and 3) 

had no current or previous lower extremity disorders and other neuromuscular or 

musculoskeletal disorders that affect the foot and ankle health. Initially, a total of 37 

obese individuals met these criteria and engaged in our 12-week weight reduction 

program. One participant was excluded from the analysis due to incomplete data, and 

three participants were unable to successfully complete the 12-week program because 

of personal reasons, leaving 33 participants for the final analyses. There were 21 men 

and 12 women in the participants. Their average age was 53 years, and median BMI 
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was 28.49 kg/m2 (Table 1). The study was approved by the Ethics Committee of 

University of Tsukuba which complied with the Helsinki Declaration. 

Weight Reduction Program 

The weight reduction program has been described in Chapter 4. 

Anthropometric Measurements  

All the anthropometric measurements have been described in Chapter 4. 

Foot Anthropometric Measurements 

The foot anthropometric measurements have been described in Chapter 4. 

Ankle Muscle Strength Measurements 

The ankle muscle strength measurements have been described in Chapter 4. 

Statistical Analysis 

Considering the independence of assumption of statistical analysis, only the right 

foot structure and ankle muscle strength data were selected for the main analyses. 

Because the foot structure and ankle muscle strength indicators were found not to be 

distributed normally using the Shapiro-Wilks test, the Wilcoxon signed rank test was 

used to compare differences before and after the weight reduction program. Last, the 

partial correlations were employed to determine relationship of weight reduction rates 

with change rates of foot structure, ankle muscle strength after the program, adjusted 

for age. In data analysis, we considered a P value less than 0.05 to be statistically 

significant. The data were analyzed with the IBM Statistical Package for Social 

Sciences (SPSS) version 22.0. 
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7.3. Results 

After the 12-week program, an average of 7.49 kg body weight (9.38%) was 

reduced (77.82 ± 13.26 versus 70.33 ± 11.37 kg, P < 0.001) (Table 7-1). Compared 

with baseline foot structure characteristics, values of fat foot indicators such as the 

forefoot girth (P = 0.012), rearfoot width (P = 0.015) and instep girth (P = 0.004) were 

significantly reduced after the program. While the arch stiffness index was found 

significantly increased (P = 0.026) (Figure 7-1). Regarding ankle muscle strength 

characteristics after weight reduction, significant decrease was only observed in the 

dorsiflexion peak torque (P < 0.001), but the significant decrease disappeared when 

considering body weight using peak torque per body weight. With the exception of the 

dorsiflexion, the rest of the plantarflexion, eversion and inversion peak torque per 

body weight were found increased significantly (P < 0.010) (Figure 7-2).  

Table 7-2 shows relationship between change rates of weight reduction and foot 

structure adjusted for age. The weight reduction rates were significantly associated 

with the change rates of the instep height (r = 0.457, P = 0.009) and the instep girth (r 

= 0.654, P < 0.001). Although no significant difference was found, there was still a 

tendency of correlation between the change rates of weight reduction and the forefoot 

girth (r = 0.338, P = 0.058). The relationship between change rates of weight 

reduction and ankle muscle strength is exhibited in Table 7-3. In term of ankle muscle 

strength, weight reduction rates were related with the plantarflexion and dorsiflexion 

peak torque (r = 0.373, P = 0.036; r = 0.371, P = 0.037, respectively). However, no 



69 

relationship was exhibited between the change rates of weight reduction and all ankle 

peak torque per body weight. 

7.4. Discussion  

The purpose of this study was to determine the influence of weight reduction 

induced by dietary modification on foot structure and ankle muscle strength. As 

expected, a 12-week weight reduction program could cause an average of 9.38% 

weight reduction. Being affected by the weight reduction, we showed that the girth 

and width of foot become smaller, and the ankle muscle strength increase when 

comparing to baseline, but no significant change was observed in the arch height 

index. In addition, the change rates of fat foot indicators such as the instep height, 

instep girth and arch height index, were found to rely on weight reduction rate 

significantly, but the change rates of ankle muscle strength adjusted for body weight 

did not depend on weight reduction rate. 

Riddiford-Harland et al (2011) reported that obese children had significantly 

fatter and flatter feet than those age- and sex-matched non-obese children. Moreover, 

Wang et al (2004) investigating relationship between body weight and foot parameters 

of 872 adults reported that BMI was positively related to fat foot indicators such as 

the height, width and girth of foot. These researches indicate that obese individuals 

may be more likely to develop a fatter and flatter foot compared to their non-obese 

counterparts in cross-sectional studies. In our intervention study, we found that fat 

foot indicators such as the forefoot girth, rearfoot width and instep girth reduced 



70 

significantly after weight reduction, and the change rates were found to rely on weight 

reduction rate. However, in spite of a strong association was found between obesity 

and arch height in cross-sectional studies (Butterworth et al. 2015, Faria et al. 2010), 

no significant difference was found in the arch height index in our intervention study. 

One hypothesis to the no difference may be that the arch height is characterized by 

irreversibility, because its development may be accompanied by a permanent 

deformation of arch structure due to excess body weight. Therefore, a modest weight 

reduction during a 12-week program could not cause change of the arch height. In 

support of our hypothesis, a follow-up survey related to foot structure of pregnant 

women noted that the decreased arch height caused by pregnancy could not restore 

even after 19 weeks postpartum (Segal et al. 2013). 

Arch stiffness index, defined as the ratio of the standing arch height index 

divided by the sitting arch height index, is a comprehensive indicator for evaluating 

foot flexibility. On the basis of the definition of the arch stiffness index, body weight 

may be an influential factor for the foot flexibility. To illustrate it, Shultz et al (2012) 

reported that obese individuals always exhibited a more flexible foot when comparing 

foot structural and functional characteristics in obese and non-obese participants. 

Consistently, we observed in our study that the foot flexibility decrease significantly 

after the weight reduction. With these in mind, it is indicated that the body weight has 

an impact on the foot flexibility. 

The present study shows that only the dorsiflexion peak torque decreased 
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significantly, and no significant differences were found in the rest of plantarflexion, 

eversion and inversion peak torque after weight reduction. However, when adjusted 

for body weight, except for the dorsiflexion, the rest of the plantarflexion, eversion 

and inversion peak torque per body weight were found increased significantly. 

Although absolute muscle strength generally has been considered to decrease with 

weight reduction induced by dietary modification, performing exercise frequently 

may result in maintenance of the muscle volume and absolute muscle strength (Weiss 

et al. 2007). It is known that the muscles, which enable foot to plantarflexion, 

eversion and inversion rather than dorsiflexion, generally pass the medial and lateral 

ankle and the planta. Even though no exercise program designed to them, these 

muscles are still acted to push off and maintain balance as long as human body 

conducts activities such as walking, which may lead to the absolute muscle strength of 

plantarflexion, eversion and inversion unchanged while the muscle strength adjusted 

for body weight increased. 

With regard to the lower extremity disorders in response to weight reduction, 

Henriksen et al (2012) studying the influence of diet-induced weight reduction on 

osteoarthritis exhibited that the self-reported disability and pain of knee osteoarthritis 

have been improved significantly. At the same time, the knee muscle strength 

(normalized to body weight) was increased by 12.0% (extension) and 11.1% (flexion) 

respectively after a 16-week program. This result indicates that the improvement of 

lower extremity disorders is generally accompanied by the increase of muscle strength. 
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In our study, we observed that the plantarflexion, eversion and inversion peak torque 

per body weight raised by 15.3%, 15.2% and 14.0% respectively during the weight 

reduction program. From our point of view, the increased ankle muscle strength may 

improve ankle and foot disorders in obese individuals as well, although ankle and foot 

disorders had not been investigated in our study.  

7.5. Conclusion 

In summary, these data indicate that weight reduction induced by a 12-week 

dietary modification makes the girth and width of foot become smaller, and the ankle 

muscle strength increase. Besides, the change rates of fat foot indicators depended on 

weight reduction rate, while the change rates of ankle muscle strength adjusted for 

body weight did not depend on weight reduction rate. The changes of foot structure 

and ankle muscle strength after weight reduction may be beneficial for ankle and foot 

health in obese individuals. 
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Table 7-1. Anthropometric characteristics before and after weight reduction. 

  
Before   After 

P Value 
Mean SD   Mean SD 

Number (female) 33 (12) 
     

Age (yrs) 53.00  10.18  
    

Height (cm) 164.75  8.55  
    

Weight (kg) 77.82  13.26  
 

70.33  11.37  < 0.001 

BMI (kg/m2) 28.49  2.87  
 

25.83  2.58  < 0.001 

 

 

Table 7-2. Correlation between the change rates of weight reduction and foot structure adjusted for 

age. 

  
∆ Foot 

length  

∆ Forefoot 

girth 

∆ Forefoot 

width  

∆ Rearfoot 

width 

∆ Ball of foot 

length 

∆ Lateral ball of 

foot length 

r -0.262 0.338 0.205 -0.158 -0.246 -0.239 

P 0.148 0.058 0.261 0.387 0.175 0.188 

  
∆ Instep 

height 

∆ Instep 

girth  

∆ First toe 

angle  

∆ Little toe 

angle 

∆ Arch height 

index  

∆ Arch stiffness 

index 

r 0.457 0.654 0.246 -0.183 0.504 -0.150  

P 0.009 <0.001 0.174 0.316 0.103 0.411 

 

 

Table 7-3. Correlation of between the change rates of weight reduction and ankle muscle strength 

adjusted for age. 

Peak torque, Nm ∆ Plantarflexion ∆ Dorsiflexion ∆ Eversion ∆ Inversion 

r 0.373  0.371  0.096  0.274  

P 0.036  0.037  0.601  0.129  

Peak torque per body 

weight, % 
∆ Plantarflexion ∆ Dorsiflexion ∆ Eversion ∆ Inversion 

r 0.269  0.052  -0.141  0.085  

P 0.136  0.776  0.440  0.643  
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Figure 7-1. Foot structure characteristics before and after weight reduction. 
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Figure 7-2. Ankle muscle strength characteristics before and after weight reduction. 

(A)  

(B)  
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Chapter 8 (Study 2.2). Influence of Increasing Physical Activity on 

Foot Structure and Ankle Muscle Strength 

8.1. Introduction 

The prevalence of obesity has dramatically increased in whether developed or 

developing countries over the past decades. According to the latest statistical data 

from the World Health Organization, the worldwide overweight and obese adults had 

reached more than 1.9 billion in 2014 (WHO 2015). Obesity has become a global 

pandemic, and recognized as a primary public health concern in many countries. In 

addition to being a major factor contributing to internal conditions such as 

cardiovascular diseases and diabetes (Owen et al. 2015, Tanaka et al. 1995), obesity 

also has a strong relationship with lower extremity disorders such as ankle and foot 

pain (Frey and Zamora 2007, Ozdemir et al. 2005, Rano et al. 2001), which lowers 

quality of life (QoL) and makes the obesity become more severe (Macera 2005). 

Physical inactivity has been considered as a major contributor to the 

development and progression of overweight and obesity. A possible explanation for 

obesity usually accompanied by the physical inactivity is that the excess weight has a 

negative impact on biomechanical characteristics of lower extremity 

(Anandacoomarasamy et al. 2008, Wearing et al. 2006). As for the impact on foot and 

ankle, obesity generally has been reported to be associated with detrimental changes 

of foot structure and function (Birtane and Tuna 2004, Frey and Zamora 2007, 
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Wearing et al. 2004). For instance, a recent systematic review analyzed 16 papers, 

reporting that obesity is strongly related with planus (low-arched) foot structure, 

pronated dynamic foot function and increased plantar pressures when walking 

(Butterworth et al. 2014). In addition, the physical inactivity also leads to lower level 

muscle strength in obese individuals. A cross-sectional study has been indicated that 

obese adults generally had decreased physical activity (PA) and impaired knee 

strength compared to their non-obese counterparts (Duvigneaud et al. 2008). 

Being physically active may be an effective countermeasure to reduce weight, 

enhance lower extremity function and improve QoL in obese individuals (Rosemann 

et al. 2008). However, there has been no systematic study on influence of increasing 

weight bearing PA on foot structure and function in obese adults. Although a 6-month 

increasing PA intervention was designed to observe its influence on foot structure and 

plantar peak pressure in obese children (Riddiford-Harland et al. 2016), the study did 

not investigate the change of ankle muscle strength. Additionally, if changes exist in 

foot structure and ankle muscle strength during the increasing weight bearing PA, it is 

necessary to understand whether the foot structure change rate is associated with the 

ankle muscle strength change rate. 

Therefore, the purpose of this study was to examine the influence of increasing 

weight bearing PA on foot structure and ankle muscle strength in obese adults, and to 

verify whether the foot structure change rate is related with the ankle muscle strength 

change rate. Conducting such a study is beneficial to better understand the association 
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of PA with foot structure and function, and to make clear whether the weight bearing 

PA is an effective approach to improve foot structure and increase ankle muscle 

strength in obese individuals. 

8.2. Materials and Methods 

Participants 

Participants were recruited through advertisements in a local newspaper and 

distributed flyers from communities surrounding our university. The participants were 

selected into our study if they met the following inclusion criteria: age between 30 to 

64 years; a body mass index (BMI) greater than 25.0 kg/m2 based on the domestic 

obesity guideline (Japan Society for the Study of Obesity 2002); a stable weight for at 

least 3 months; no habit of regular exercise; and no current or previous lower 

extremity disorders and other neuromuscular or musculoskeletal disorders that affect 

the foot and ankle function. Initially, a total of 35 participants met the criteria and 

entered into our 12-week PA intervention. We excluded 2 participants from the 

analysis because of incomplete data, and 6 participants who were unable to 

successfully complete the 12-week intervention due to personal reasons, leaving 27 

participants for the final analyses. There were 15 men and 12 women in the 

participants, with a mean age of 53.07 ± 6.17 years and a mean BMI of 27.42 ± 4.14 

kg/m2 (Table 1). This study was implemented in accordance with the Helsinki 

Declaration, and the protocol was approved by the Ethics Committee of University of 

Tsukuba, Japan. 
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Increasing PA Intervention 

The increasing PA intervention has been described in Chapter 4. 

Anthropometry and Assessment of PA 

All the anthropometric items have been described in Chapter 4. 

PA was monitored by an Active Style Pro three-axis accelerometer (HJA-350IT; 

Omron Healthcare, Kyoto, Japan) which has been validated previously (Ohkawara et 

al. 2011). The accelerometer was attached to the waist for over 7 consecutive days 

(including weekend days), except for sleeping or performing water-related activities 

(e.g., bathing or swimming). We excluded days in which participants wore the 

accelerometer for less than 10 hours from the data for analysis. The accelerometer 

counted daily steps and estimated intensity of PA which could be measured over 

60-second epochs and recorded as the metabolic equivalent (METs). Based on the 

intensity, PA was classified as low (1.5-2.9 METs, LPA), moderate (3.0-5.9 METs, 

MPA) and vigorous intensity (> 6.0 METs, VPA).  

Foot Structure Measurement 

The foot structure measurement has been described in Chapter 4. 

Ankle Muscle Strength Measurement 

The ankle muscle strength measurement has been described in Chapter 4.  

Statistical Analysis 

In consideration of the independence of assumption of statistical analysis, only 

the right foot structure and ankle muscle strength data were entered into the main 
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analyses. Due to the normal distribution was not observed in foot structure and ankle 

muscle strength indicators using the Shapiro-Wilks test, we employed the Wilcoxon 

signed rank test (two related samples test) to compare differences before and after the 

PA intervention. Then the partial correlations were used to determine the relationship 

of change rates between the foot structure and the ankle muscle strength after 

increasing PA, adjusted for age. The data were analyzed with the IBM Statistical 

Package for Social Sciences (SPSS) version 22.0. A P value less than 0.05 was 

considered statistically significant. 

8.3. Results  

Average daily steps increased significantly from 6759 to 10468 (P < 0.001). 

Although no remarkable difference was discovered in LPA, we observed that MPA, 

VPA or MVPA increased significantly after the 12-week intervention (P < 0.001) 

(Figure 8-1). Under the influence of increasing PA, BMI was observed to decrease 

significantly (27.42 ± 4.14 versus 26.82 ± 3.89 kg/m2, P < 0.001) (Table 8-1). 

Compared with baseline, foot structure indicators such as the foot length (P = 

0.018), rearfoot width (P = 0.005), ball of foot length (P = 0.038) and instep girth (P = 

0.019) reduced remarkably, while the instep height (P = 0.015), arch height index (P = 

0.015) and arch stiffness index (P = 0.003) increased significantly (Figure 8-2). 

However, no significant differences were observed in the forefoot girth and width, 

first and little toe angle.  

With regard to ankle muscle strength after PA intervention (Figure 8-3), we 
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found that only the plantarflexion peak torque increased significantly (P = 0.025), and 

the dorsiflexion, eversion and inversion peak torque remained stable. While the values 

of plantarflexion (P = 0.010), dorsiflexion (P = 0.046) and eversion peak torque per 

body weight (P = 0.019) were found to increase remarkably. However, there was no 

significant difference in the inversion peak torque per body weight (P = 0.674). 

Table 8-2 exhibits correlations of change rates of arch height index and arch 

stiffness index with change rates of ankle peak torque per body weight, adjusted for 

age. Although foot structure and ankle muscle strength changed with increasing PA, 

we found that the change rate of neither the arch height index nor arch stiffness index 

was significantly associated with the change rates of ankle muscle strength.  

8.4. Discussion 

The aim of this study was to examine the influence of increased PA on foot 

structure and ankle muscle strength. The main findings were that the length, width and 

girth of foot became smaller, and the arch became higher and stiffer; all the ankle 

peak torque per body weight increased except the inversion after increasing weight 

bearing PA intervention. Furthermore, although changes were observed in both foot 

structure and ankle muscle strength, there were no associations of the change rates 

between foot structure and ankle muscle strength after intervention. It seems that the 

changes of foot structure and ankle muscle strength associated with increasing PA 

were independent of each other. 

Our results showed that although no significant difference was found in LPA, 
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there was a remarkable increase in MPA, VPA or MVPA during the intervention. 

Increased PA, especially increased MVPA could not only improve cardiovascular and 

metabolic health, but also be related with a beneficial effect on functional fitness and 

performance of daily functioning tasks (Santos et al. 2012). Therefore, increasing 

weight bearing PA may be one of an effective approach to enhance lower extremity 

function, thereby improving QoL in obese individuals. 

There is a relationship between the presence of a lower arch and increased body 

weight or BMI (Butterworth et al. 2015, Dunn et al. 2012). It is known that obesity is 

always accompanied by decreased PA. However, the increasing PA may have a 

positive impact on arch structure and function in obese individuals. Riddiford-Harland 

et al (2016) indicated that participating in a PA program leads to increase of the arch 

height in obese school-aged children, but the increase may be confounded by the 

growth and development of children. In our study we further proved that only 

increasing PA could significantly enhance the height of arch. Besides, the arch 

stiffness, in which the smaller value is associated with soft-tissue injuries of the foot 

and ankle (Franco 1987), was also found to improve remarkably after PA intervention. 

Keeping these in mind, we suggest that the structure of arch has a reversible 

characteristic, and the decrease of PA may be one of major reason for the detrimental 

changes of arch structure and function in obese individuals. 

On the other hand, a cross-sectional study indicated that obese children generally 

have fatter feet when comparing with those age and sex matched non-obese children 
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(Riddiford-Harland et al. 2011). Additionally, another study investigated the 

association of body weight with foot parameters of 872 adults, showing that BMI is 

related positively to fat foot indicators such as the height, width and girth of foot 

(Wang et al. 2004). In our study, as anticipated due to increasing PA, the fat foot 

indicators including the rearfoot width, the instep height and girth were found to 

reduce significantly in obese adults. Taken together, it is indicated that increasing PA 

can make the feet become thinner in obese individuals. Therefore, based on all the 

information from foot structure, increasing weight bearing PA should be 

recommended to improve arch and foot structure in obese individuals.  

It has been widely accepted that obesity is associated with decreased muscle 

strength (Duvigneaud et al. 2008, Trudelle-Jackson et al. 2011). As for the influence 

of obesity on ankle muscle strength, in our previous study, we discovered that 

compared with non-obese individuals, obese adults are more likely to have lowered 

ankle muscle strength. While the lowered ankle muscle strength is frequently related 

with declined function of ankle and foot such as instability of the ankle joint (Munn et 

al. 2003), even ankle sprains (Willems et al. 2002). However, the present study 

indicated that almost all the ankle muscle strength adjusted for body weight increased 

after increasing PA intervention. Given the above, we suggest that the increased ankle 

muscle strength induced by increasing weight bearing PA may improve function of 

ankle and foot in obese individuals.  

As for the change rates in response to the increasing weight bearing PA, neither 
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the change of arch height index nor arch stiffness index had a significant relationship 

with the change of ankle muscle strength, although foot structure and ankle muscle 

strength changed with increasing PA. It is indicated that the changes of foot structure 

and ankle muscle strength associated with increasing weight bearing PA may be 

independent of each other.  

8.5. Conclusion  

The results indicate that with increasing weight bearing PA, the length, width and 

girth of foot become smaller, and the arch become higher and stiffer; the relative ankle 

muscle strength increases. Besides, both the change of arch height and arch stiffness 

are not associated with the change of ankle muscle strength. It is suggested that 

increasing weight bearing PA is one possible approach to improve foot structure and 

function in obese individuals.  
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Table 8-1. Anthropometric characteristics before and after a 12-week PA intervention. 

  

Pre   Post 
P value 

Mean SD   Mean SD 

Number (female) 27(12) 
     

Age (yrs) 53.07  6.17  
    

Height (cm) 166.75  9.89  
    

Weight (kg) 77.05  14.67  
 

75.35  13.83  < 0.001 

BMI (kg/m2) 27.42  4.14  
 

26.82  3.89  < 0.001 

 

 

 

 

Table 8-2. Correlations of change rates of arch height index and arch stiffness index with change 

rates of ankle peak torque per body weight adjusted for age. 

∆ Arch height index ∆ Plantarflexion ∆ Dorsiflexion ∆ Eversion ∆ Inversion 

r -0.05  0.07  -0.17  -0.09  

P 0.794  0.737  0.399  0.675  

∆ Arch stiffness index ∆ Plantarflexion ∆ Dorsiflexion ∆ Eversion ∆ Inversion 

r 0.02  0.03  -0.06  0.28  

P 0.935  0.873  0.755  0.163  
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Figure 8-1. The change of PA between baseline and 3 months. 

Abbreviations: LPA, low physical activity; MPA, moderate physical activity; VPA, vigorous 

physical activity; MVPA, moderate and vigorous physical activity.  
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Figure 8-2. Foot structure characteristics before and after a 12-week PA intervention. 
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Figure 8-3. Ankle muscle strength characteristics before and after PA intervention. 
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Chapter 9. General Summary  

In these studies, it was investigated that the association of obesity with foot 

structure and ankle muscle strength, and determined whether weight reduction and 

increasing weight bearing PA could improve foot structure characteristics and ankle 

muscle strength. It was found that obesity was associated with width, height and girth 

of foot, and also had an impact on both AHI and ASI; there was a negative association 

between obesity and ankle muscle strength; weight reduction induced by dietary 

modification decreased the girth and width of foot, but not affected arch height. It also 

made the relative ankle muscle strength increase; increasing weight bearing PA 

lowered the length, width and girth of foot, and lead to the arch being higher and 

stiffer. It also enhanced the relative ankle muscle strength. 

From the results, it was concluded that due to the influence of excess body 

weight, obese adults generally had big and fat feet, and decreased ankle muscle 

strength, which resulted in the change of function of the foot. Furthermore, both 

weight reduction and increasing weight bearing PA had effect on decreasing fat feet 

and enhancing ankle muscle strength. However, compared to weight reduction, 

increasing bearing weight PA may have more beneficial impacts on foot structure and 

function due to its function of increasing arch height and stiffness. 
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Chapter 10. Limitations and Future Tasks 

In this thesis, it was determined that the influence of weight reduction and 

increasing weight bearing PA on foot structure and ankle muscle strength.  

In study 1, only participants without exercise habit (less than 150 minutes per 

week) were recruited in the cross-sectional studies to investigate the association of 

obesity with foot structure and ankle muscle strength. However, exercise habit may 

affect foot structure and ankle muscle strength. To prove this point, another 

cross-sectional study should be done to compare the differences between participants 

with exercise habit and without exercise habit, verifying whether exercise habit has an 

impact on foot structure and ankle muscle strength in the future. 

In study 2, we determined the intervention effect of weight reduction and 

increasing weight bearing PA on foot structure and ankle muscle strength. It is found 

that both weight reduction and increasing weight bearing PA have beneficial impact 

on foot structure and ankle muscle strength. However, it is possible that the 

intervention of weight reduction combined with increasing weight bearing PA has 

better effect on foot structure and ankle muscle strength, which needs to be verified in 

the future studies. 

Additionally, in study 2.2, we observed that increasing weight bearing PA, the 

arches could enhance significantly. In this study, although foot structure 

characteristics were measured, the pathological bone deformation of flat foot was not 

investigated. Therefore, it was not clear whether increasing weight bearing PA could 
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improve arch height in those with flat foot.  

Besides, gender difference was found to affect foot structure and function in the 

cross-sectional study, however, it has not been determined deeply in the interventional 

study due to the small sample sizes. Further studies need to be conducted to examine 

this aspect. 
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